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Abstract 
CaZrO3 (CZO) powders were synthesized at different temperatures (400, 600, 
800, and 1000 °C) and characterized by X-ray diffraction, Raman and ultraviolet-visible 
spectroscopic methods, along with photoluminescence (PL) emissions. First principle 
calculations based on the density functional theory (DFT), using a periodic cell models, 
provide a theoretical framework for understanding the PL spectra based on the 
localization and characterization of the ground and electronic excited states. 
Fundamental (singlet, s) and excited (singlet, s*, and triplet, t*) electronic states were 
localized and characterized using the ideal and distorted structures of CZO. Their 
corresponding geometries, electronic structures, and vibrational frequencies were 
obtained. A relationship between the different morphologies and structural behavior has 
also been established. 
Polarized structures were identified by the redistribution of the 4dz2, 4dyz, and 
4dxy (Zr) orbitals at the conduction band and the 2pz (O) orbital in the valence band for 
s, s* and t*. Analysis of the vibrational eigenvector modes of these electronic states 
reveals a relationship between them via asymmetric bending and stretching modes that 
arise from Zr atom displacements due to polyhedral [ZrO6] distortion. Furthermore, the 
results provided an insight into the PL emissions of the as-synthesized CaZrO3 and led 
to the conclusion that the presence of electronically excited states is strongly related to 
the structural order-disorder effects (polyhedral distortion) at short range for both 
[ZrO6] and [CaO8] clusters. 
 1. Introduction  
 
The importance of the local structure in determining the observable properties of 
a material has been discussed since the advent of crystallography [1]. Therefore, the 
physical and chemical properties of ceramics are intimately linked to their local 
structure, characterized by the regular and repeating geometry associated with the 
primitive lattice. While the concept of a crystalline solid as a perfect, periodic structure 
is at the core of our understanding of a wide range of material properties, disorder is in 
reality ubiquitous, and can inﬂuence various properties drastically. In typical 
ferroelectric crystals, the polarization and related properties result from structural lattice 
distortions. For example, in BaTiO3, the off-centering displacement of Ti in the [TiO6] 
octahedron is the origin of its exceptional dielectric properties [2]. Very recently, 
different possibilities to explain the PL emissions in crystalline Ba(ZrxTi1-x)O3 were 
associated to  the  isomorphic Zr/Ti substitutions and structural distortions at the [ZrO6] 
octahedra [3].  
According to the electronic band theory, band formation requires a periodic 
potential, typically established by regularly spaced atoms in a crystal lattice. When this 
periodicity is perturbed—for example, when electromagnetic radiation interacts with 
matter—the structural and electronic order-disorder effects appear, inducing the 
presence of intermediate states within the band gap, as well as enhancing the anisotropy 
of the chemical bonds in the materials. These effects are concomitant with the presence 
of excited electronic states from the ground state after the activation process, 
determining to a larger extent the efficiency and the spectral features of emitted 
radiation. Following the classical paper of Blasse [4], the luminescence of self-activated 
closed-shell transition metal oxides is basically of charge transfer character. 
 In this context, PL emission is well suited for the characterization of crystalline 
materials based on broad band gap semiconductors. In particular, our group is involved 
in a research project on binary and complex metal oxides as potential alternatives to 
traditional metal activator based phosphors, because of their advantages of low toxicity, 
stability, tunable emission color, and low cost. These oxides include TiO2 [5], ZnO [6], 
ZnS [7], SnO2 [8], molybdates  [9-11], and tungstates [12, 13]. Among the numerous 
types of perovskite materials (ABO3), alkaline earth metal perovskite oxides are a 
veritable gold mine of diverse physical and chemical properties with large technological 
applications [14-21] based on ferroelectricity, piezoelectricity, non-linear optical 
behavior, and PL emissions, that that arise from the absence of inversion symmetry in a 
crystal structure [22]. ABO3 perovskite compounds have a large cation at the A-site, a 
smaller cation at the B-site, and the oxygen O acts as a bridging ligand, linking the B-
site cations to form a three-dimensional cage-like host framework consisting of anionic 
[BO3]
− cages enclosed by 12 B–O-B fragments and filled by A-site guest cations. The 
ideal structure of perovskite oxides has the cubic space group Pm3m, and the structural 
variations from the ideal cubic prototype mainly arise from the displacement of the A- 
and B-site cations and the tilting of the [BO6] octahedra, based on Glazer's exhaustive 
classification of the tilted octahedral [23, 24]. 
Symmetry-breaking processes have long played a central role in the design of 
functional materials. An important example is the rich PL behavior in the ABO3 
perovskite oxides which originate, at least in part, from the structural and electronic 
order-disorder effects of the [BO6] octahedra through distortions and rotations. 
Octahedral rotations provoke changes in the B-O and A-O bond lengths as well as B-O-
B and A-O-A bond angles, shifting the positions of the oxygen ions from the edges of 
the cubic perovskite structure [25]. The overall result is that the unit cell deforms and 
the structure is no longer cubic but of reduced symmetry, such as orthorhombic, 
rhombohedral, tetragonal, monoclinic, and triclinic phases, depending on the details of 
the [BO6] octahedral rotations and B-site distortions. This influences the electronic and 
optical properties of materials, behavior of photo-generated charge carriers, including 
excitation, transfer, and redox reactions, and plays an important role in their 
technological applications [6, 17, 26-30]. It should be realised that the absorption 
transition of the [BO6] cluster corresponds to an
 electron transition from a bonding to a 
nonbonding molecular orbital, i.e. the chemical bond is perturbed, so that the [BO6] 
cluster is distorted.  
The disorder is considered intrinsic if it is associated with the localization of 
electrons and electron holes, provoking the presence of different electronic states within 
the band gap. These electronic states are responsible for the PL behavior. The excitation 
induced by electromagnetic radiation promotes electrons from the valence band (VB) to 
the conduction band (CB) by this process. These phenomena originate from the 
interactions between matter and external incoming light, and an electronic excited state 
is obtained when a system (crystal) is in an energy level higher than the ground state, 
e.g., after the absorption of one or more quanta of light (photons). The structure and 
charge distribution of both fundamental and electronic excited and short-lived states are 
key to understanding the optical properties. It is necessary to emphasize that PL 
emissions are microscopic in origin and the structures of these short-lived excited states 
are difficult to obtain. Excited electronic states reveal information about the electronic 
structures of the material, but they are short-lived and highly reactive, making the quest 
to manipulate them extremely demanding.  
The difficulties encountered in separating complex factors during experiments 
are not present when employing theoretical models based on quantum mechanics, which 
is a reliable tool to describe these systems at the microscopic scale. Consequently, one 
has to resort to quantum chemical simulations to provide a better understanding of 
experiments in order to help in ascertaining the geometry and electronic structure of the 
electronic excited states and therefore prediction, of the PL behavior. However, 
modeling the structure of excited electronic states and their properties using the first-
principles electronic structure methods is still a huge challenge. To overcome this 
difficulty, numerous efforts by our research group have been made to understand the 
mechanism of PL emissions in SrTiO3, SrTiO3:Sm, CaWO4, BaZrO3, and BaZr1-xHfxO3 
solid solutions  based on the characterization of excited electronic states [31-37], where 
the computational cost is significantly reduced by imposing periodic boundary 
conditions. 
Calcium zirconate, CaZrO3 (CZO), has received a lot of attention due to its 
exceptional dielectric and catalytic properties and PL emissions with applications in 
diverse areas of science and technology such as hydrogen sensors, luminescence hosts, 
multilayer capacitors, catalysis, and so on [38-48] CZO presents an orthorhombic 
structure with 8 and 6-coordination for the Ca and Zr atoms, [CaO8] and [ZrO6], 
respectively, as the constituent building blocks of this material [49]. There are several 
reports on the electronic structure calculations performed to study CZO in the ground 
state [50-55]. Recently, Gupta et al. [56] have been performed a spectroscopic and 
theoretical study to explain the PL emission in the blue region based on the nature of 
defects, while Moreira et al. [57] employed first-principles calculations to clarify the 
mechanisms involved in the luminescence emissions observed for disordered BaZrO3, 
proposing a novel explanation for transitions from a PL and to a radioluminescence 
emission regime based on crystalline defects. 
Nevertheless, no insights about the PL emissions based on the presence of 
electronic excited states have been obtained. The focus of this article is to expand the 
theoretical understanding of the phenomena in CZO as a result of an analysis of the 
electronic excited states. First principles calculations are employed in the present 
research, and we argue that because our procedure generates models in accord to the 
experiment, our methodological approach is valid. In addition, a careful examination of 
the calculated results provides an insight into the physical origin of the process that 
accounts for the PL behavior of CZO materials. Full details, describing the generation 
of the atomistic models are presented in the Supplementary Information. 
In the present work the focus is the PL mechanism and its relationship with the 
presence of excited electronic states in intrinsically disordered CaZrO3 crystals, and we 
seek to fulfill a three-fold objective: synthesis and characterization by X-ray diffraction 
(XRD), Raman and UV-Vis spectroscopy, and PL emissions of the as-synthesized CZO 
samples;  employment of first principles calculations based on the density functional 
theory (DFT), at B3LYP level, to localize and characterize (geometry, electronic 
properties, and vibration frequencies) both ground and excited electronic states of CZO 
(electronic structures, including density of state (DOS) and band structures were 
calculated based on optimized geometries); and the achievement of a relationship 
between structural and electronic order-disorder effects and PL emissions. 
The remainder of the paper is organized as follows; the analysis and discussion 
of both theoretical and PL results are presented in Section 3. The main conclusions are 
given in Section 4. 
 
2. Experimental procedures and computational details 
2.1. Synthesis and characterization  
The powder CZO was prepared by the method of polymeric precursor, kept for 4 
hours at 400 °C to remove any carbon, which is taken to a further heat treatment up to 
1000 °C for 2h [58].  
 
The synthesized samples at 400, 600, 800 and 1000°C were characterized by 
XRD (Rigaku DMax2500PC) using Cu KR (λ ) 1.5406 Å radiation. The data were 
collected from 10° to 120° in the 2θ range with 0.5° divergence slit, 0.3 mm receiving 
slit, in fixed-time mode with 0.02° step size and Is/point. Crystal structures were 
identified and refined by the Rietveld method using the GSAS software [59]. This 
software is specially designed to refine simultaneously both the structural and the 
microstructural parameters through a least squares method. The peak profile function 
was modeled using the convolution of the Thompson-Cox-Hastings pseudo-Voigt (pV-
TCH) with the asymmetry function described by Finger et. al. [60]. The Rietveld 
refinement is presented in a previous reported study [61], and provides the network 
parameters a, b, and c as well as  internal coordinates, space group of the CZO and 
refinement of quality indicators. 
PL spectra we are measured with an Ash Monospec 27 monochromator  
(Thermal Jarrel, U.S.A.) and a R4446 photomultiplier (Hamamatsu Photonics, U.S.A.). 
The 350 nm excitation wavelength of a krypton ion laser (Coherent Innova 90 K) was 
used as excitation source, keeping its maximum output power at 200 mW.   
Synthesis were performed at different temperatures at 400, 600, 800 and 1000 °C 
and Raman, PL, XRD spectra were measured at room temperature. 
 
2.2. Computational details 
Theoretical calculations were performed using the periodic quantum mechanical 
method implemented with the computer program CRYSTAL14 [62]. The computational 
method used is based on density functional theory (DFT) together with the B3LYP 
functional [63]; [64]. This computational technique has been successful for the study of 
the electronic and structural properties of various materials including perovskites and 
several other oxides [36]; [65]. The standards (6-31d1G) all electron basis set were used 
to describe the atomic orbitals of calcium [66], zirconium [67] and oxygen [68] atoms.  
The diagonalization of the Fock matrix was performed at 27 or 36 k-points grids in the 
reciprocal space for bulk singlet (s) or excited singlet (s*) and triplet (t*) electronic 
states, while 9 or 10 k-points grids were used for surfaces in singlet (s and s*) or triplet 
(t*), respectively, of the CZO system. The thresholds controlling the accuracy of the 
calculation of the Coulomb and exchange integrals were set to 10-8 (ITOL1 to ITOL4) 
and 10-14 (ITOL5),  and the percent of Fock/Kohn-Sham matrices mixing was set to 40 
(IPMIX keyword) [69]. The XCrysDen program was used as a graphical tool to design 
the spin density plots and VESTA program was used for the design of morphology. 
We use periodic models to find the ground and excited electronic states. A 
1x1x1 cell was used as a periodic model to represent the fundamental s electronic state, 
while s* and t* excited electronic states were modeled by shifting the zirconium by a 
(0.0 0.0 0.2) Å vector from its previous position in the cell (Fig.1a and b). 
Fig. 1 
CZO presents an orthorhombic structure with space group Pcmn. An excited state is 
obtained by imposing a low and high spin state that must promote an electron from the 
VB to the CB. Per unit cell, this transaction corresponds to imposing two electrons with 
the opposite (singlet) and same spin (triplet). It also creates a Frenkel exciton (hole in 
the VB, electron in the CB). To find the excited electronic states, two arrangements 
have been explored based in the same model but changing the optimization conditions: 
i) Zr displacement from the center of a [ZrO6] octahedron in the orthorhombic CZO, 
followed by an arising of a spontaneous polarization from this asymmetrical structure, 
resulting in the Jahn–Teller effect [70], fixing the cell parameters to obtain the excited 
singlet, s*; ii)  Zr displacement from the center of a [ZrO6] octahedron, in which the 
position of the six nearest oxygen atoms surrounding the Zr atom is optimized as well as 
cell parameters to find the excited triplet, t*, in which, distorted clusters [CaO8] are also 
obtained. Then, a series of calculations were carried out on each different electronic 
states in order to determine their electronic structures and the specific atomic states 
which make up their corresponding energies. This information is used to understand the 
transitions associated with PL emission behavior.  
 Vibrational analysis for ground and excited electronic states in their 
equilibrium configurations has been made to ensure that there are no imaginary 
frequencies corresponding to the saddle points on the potential energy surface. It is well 
known that DFT calculation at B3LYP method tends to overestimate the values of the 
vibrational frequencies; therefore, a scaling factor of 0.94 is used [71]. 
 Slab models containing in singlet 8 molecular units (in singlet state) and 4 
molecular units (in triplet state) for (121), (100), (010), (101), (001), (111), and (011) 
surfaces, respectively, were considered, after corresponding energy convergence tests. 
The surface energy is calculated by using the following equation: 
Esuf  =  (Eslab - N·Ebulk)   
where A is the surface area of each slab, N is the number of molecular units, Eslab is the 
total energy of the slab,  Ebulk is the total energy per molecular unit for the CZO unit 
cell. A classic Wulff construction can be obtained, from calculated Esurf values, that 
minimizes the total surface free energy at a fixed volume. 
  
3. Results and Discussion  
3.1. X-ray diffraction analysis   
CZO crystals were synthesized by the polymeric precursor method and their 
structural and electronic properties have been studied previously [58]. The X-ray 
diffraction patterns for the CZO sample at different temperatures are shown in Fig. 2, 
and indicate a single phase orthorhombic perovskite with the Pcmn space group.  The 
diffraction peaks were indexed based on the JCPDS 35-0790 file and the crystallization 
of CZO is observed. In synthesized samples at 400 and 600 °C, the peaks appear more 
widened and the material is structurally less organized at long range and disordered at 
short range, involving disordered [CaO8] and [ZrO6] clusters, as constituent building blocks of 
CZO; this behavior can be attributed to structural distortion from the parent high-
symmetry structure. 
Fig. 2. 
 
3.2. Photoluminescence properties 
Fig. 3 displays the PL emission spectrum of the CZO sample synthesized at 
1000°C. An emission band extending from 350 to 850 nm and peaking around 450 nm 
is seen. Additionally, low PL emission intensity was observed at synthesized samples of 
400 and 800°C, while at 600°C the PL emission is absent. This indicated that the PL 
behavior of CZO is sensitive to temperature, and a high PL emission requires a certain 
amount of order together with disorder in the CZO samples. This is also indicated by 
the diffraction peaks in Fig. 3, which become broader indicating an increase of 
structural order at short range at both synthesized samples at 800 and 1000°C in the 
lattice. The PL emissions of perovskite-based materials depend on different aspects, 
among them the excitation wavelength and synthesis method. In the present work both 
factors are different of those used in the paper by Gupta et al. [56]. Our results are in 
line with previous results on different perovskite-based materials [27, 72]. 
Fig. 3. 
3.3. Raman Spectra 
The Raman spectra with ten active modes are shown in Fig. 4.  
 
CZO with the orthorhombic structure and D162h (Pcmn) symmetry group, 
presents the following irreducible representations at the  point of the Brillouin zone 
and distribution among the following symmetries: 
 
8Au+ 10B1u+ 8B2u+ 10B3u+ 7Ag(R) + 5B1g(R) + 7B2g(R) + 5B3g(R)           (1) 
where 7Ag + 5B1g + 7B2g + 5B3gare a total of 24 Raman (R) active modes, 9B1u+ 7B2u+ 
9B3uare the 25 infrared active modes, 8Au are non-active modes, along with three 
translational modes (B1u +B2u +B3u) [73, 74].  
The Raman spectra with ten active modes are shown in Fig. 4. The bands in the 
range 140–300 cm-1 are associated with O-Zr-O torsion modes. The bands at 433 and 
464 cm-1 are related to the O-Zr-O bending modes and the band at 537 cm-1 results from 
the Zr-O stretching mode. The Raman spectrum of synthesized sample at 900°C was 
previously reported and compared to other experimental studies [58], showing that this 
kind of system is typically observed in the low wave number range 145–547 cm-1 [73], 
143–545 cm-1 [75], 153–515 cm-1 [76]. 
The appearance of three vibration modes of synthesized sample at 1000°C, 
which are not present at temperatures of synthesized samples at 400 and 600°C, was 
noted. This can be associated with the local distortion of the [ZrO6] octahedra, causing a 
breakdown of the Raman selection rules and the presence of weak bands in the Raman 
spectra. Then, the PL emissions can then be related to the appearance of new vibrational 
modes at 1000°C.  
Fig. 4. 
 
3.4. Theoretical Study 
The ground state of CZO has an orthorhombic structure, with both [ZrO6] and 
[CaO8] clusters as the building blocks. To find excited electronic states, different 
models have been used to achieve a slight distortion in the [ZrO6] octahedra. The 
transformation from the fundamental s to s* states occurs following a displacement of 
0.2 Å, for 25% of the Zr atoms along the (001) direction. As a result of Zr atom 
displacement from the center of the [ZrO6] octahedron, a spontaneous polarization is 
produced and a Jahn–Teller effect and asymmetrical relaxation of the six nearest oxygen 
atoms surrounding the Zr atom in the [ZrO6] cluster occurs. 
However, the transformation from the fundamental s to t* states is produced by a 
slight distortion of [ZrO6] and [CaO8] clusters with a structural order-disorder effect in 
the Zr-O and Ca-O bonds of CZO. An analysis of the results shows that the 
transformation from the fundamental s to s* is produced by a slight distortion of [ZrO6] 
clusters on a very flat energy surface. For the t* state an expansion of cell parameters of 
~1.5% is found: the a parameter increases from 5.594 to 5.673 Å, b parameter from 
8.021 to 8.155 Å, and c parameter from 5.761 to 5.844 Å. In particular, the 
displacement of the Zr atom causes a slight distortion of both Zr2 and Zr4 clusters, as 
well as the Ca3 and Ca4 clusters, the latter forming [CaO6+2] clusters. A schematic 
representation of the unit cells in terms of their cluster constituents is presented in Fig. 
5. The Ca-O and Zr-O bond distances for the three systems, s, s*, and t* configurations 
are listed in Table 1. 
Table 1. 
Fig. 5. 
 
It is important to note that the Zr-O bond distances in the t* state are stretched 
and shortened to 2.294 and 1.995 Å, respectively (see Table 1), and this effect can be 
related to the structural order-disorder effect associated with the appearance of PL at 
1000 °C. 
The characterization of the spin density distribution can be useful for 
understanding the PL properties of CZO that are based on the behavior of the d-orbitals 
occupied by unpaired electrons, that is the difference between the contributions from 
spin alpha and beta to the total electron density. The spin charge density localized in the 
t* state is shown in Fig. 6, in which Zr2 and O10 are the atoms with the highest spin 
density. The spin charge density is mainly located in the 4dz2, 4dyz, and 4dxy orbitals of 
Zr2 and the O10 2pz orbital. 
Fig. 6. 
 
The results presented in Fig. 6 and Table 1 indicate that the triplet state is 
achieved by a structural distortion. This order-disorder effect may also be noted in the 
behavior of PL of CZO, which is highly sensitive to temperature. This behavior is due 
to the appearance of various electronic levels at this temperature, i.e., intermediate states 
that are brewing in the band gap. This fact is directly related to the redistribution of 
local density around Zr and Ca cations that is proportional to the local distortions at 
both [ZrO6] and [CaO8] clusters as well as to torsion movements involving [ZrO6]-
[CaO8] frameworks. In this way, different types of defects can generate intermediate 
states and directly influence the band gap. 
The PL analysis shows an intracluster organization (short range order), but 
indicates a disorder between the clusters (medium range order). At medium range the 
interactions occur by orientation and are associated with the rotation of the dipole 
moments [ZrO6]-[ZrO6], [CaO8]-[CaO8] or [ZrO6]-[CaO8]. At short range the 
interactions arise through an induction by permanent dipole moment of the neighboring 
cluster [CaO8] or [ZrO6], i.e. polarization of clusters, and at long range a dispersion 
from the correlation between electrons in the vicinity of clusters [ZrO6] or [CaO8] takes 
place.  
These structural changes are related to theoretical results that have shown that 
the process of breaking of symmetry (order/disorder) in a structure is a necessary 
condition for the existence of energy levels in the forbidden band gap. Therefore, for the 
present, it is considered that within the CZO network, structural distortions emerge 
between the  and/or  (o-ordered; d-distorted) clusters 
that allow transfers electronics between them.  
 
3.4.1 Vibrational analysis 
There are 24 Raman-active modes for the orthorhombic structure of CZO 
according to Equation 1. However, as noted previously (Section 3.3) not all of these 
bands can be observed experimentally. It is possible that many of the predicted modes 
are hidden by other intense bands, which may overlap or involve very low changes in 
the polarizability. 
Table 2. 
 
In Table 2 the theoretical calculated values are presented and compared to 
experimental data at different temperatures. An analysis of the results shows some 
discrepancies in a few cases, and to shed light on them a representation of Raman 
vibration movements above 370 cm-1 are depicted in Fig. 7a. The Ag mode (at 370.49 
cm-1) corresponds to a Zr-O-Ca bending motion between the clusters, whereas higher 
values at ~480 cm-1 are associated with the O-Zr-O bending. A sum of the B1g and Ag 
modes is obtained experimentally at ~430 cm-1 that corresponds to the theoretical modes 
at 434.82 and 450.96 cm-1, whereas the theoretical B3g mode at 479.59 cm
-1 is not seen 
in the experiments. An asymmetric stretching of Zr−O in the [ZrO6] cluster is observed 
at ~460 cm-1 (B1g), which can be compared to the theoretical mode obtained at 
522.21cm-1. This mode has appeared at 515 cm-1 experimentally in previous works [76, 
77]. Another asymmetric stretching of Zr-O in the [ZrO6] cluster is observed at ~540 
cm-1 (B2g+ Ag), which is depicted in the lower part of Fig. 7a and can be compared to 
theoretical modes obtained at 537.44 and 544.99 cm-1. Three theoretical stretching 
modes above 700 cm-1 are also obtained, which are not observed experimentally. 
Fig. 7. 
 
The higher stretching modes up to 480 cm-1 are depicted in Fig. 7b for the t* 
state, while in Table S1 (of Supporting Information), the corresponding values for the 
s* state is also included for comparison purposes. In both cases, all the modes present 
Ag symmetry. An analysis of the results shows that the transformation from the 
fundamental s to s* is produced by a slight distortion of the [ZrO6] clusters. The 
orthorhombic form undergoes a displacive transition to a lower symmetry without bond 
breaking, which involves the structural order-disorder effect and can be associated to 
the Zr-O asymmetric stretching mode at 544.99 and 544.28 cm-1 for s and s*, 
respectively. On the other hand, the transition from  s* to t* excited electronic states can 
associated to vibrational movements along 544.28 cm-1 and 541,99 cm-1 for s* and t*, 
respectively.  However, it is important to note that the pathways to reach both s* and t* 
electronic state imply a new spin rearrangement which supports a structural distortion 
resulting in new electronic configurations. 
Optical properties such as PL are strongly dependent upon the structural and 
morphological features of the crystal system. Structural order–disorder associated 
effects are a crucial factor in determining the optical behavior of a material [78, 79]. 
During the PL process, a symmetry breaking occurs at short order involving two 
clusters, i.e., structural distortions associated with the imperfect coordination mainly 
related to the Zr sites. Then, the under-coordination associated with distorted [ZrO6] and 
[CaO6+2] clusters appear. The electron distribution is useful to predict the physical 
properties and it plays an important role in determining the lattice structure, the DOSs, 
and the charge density. These structural and electronic changes can be related to the 
variation of polarization between distorted clusters that are capable of populating stable 
excited electronic states and hence result in active vibrational Raman modes. The triplet 
excited state has a higher energy than the excited singlet state; although the s* state 
seems to be much more likely to occur, the two states would possibly be reached by 
irradiation during experimental measurements. Obviously, the decay process involves 
more than just two electrons, but in our model, two electrons per cell were used. In this 
study, we associate the experimental results related to characterization methods to 
theoretical results. On this basis, monitoring the energy and geometry of the singlet and 
triplet excited states will provide further insight into the PL mechanism. Furthermore, 
analyzing the relationship of these vibrations and geometries offers the opportunity to 
interpret the excited states in a new and possibly more intuitive way, linking electronic 
excitations with the concept of vibrational modes as being mainly responsible for PL 
behavior. 
 
3.4.2 Band Structure and Density of States 
The electron distribution plays an important role in determining the lattice 
structure, the DOS, and the charge density. The band structures plotted along the path Γ, 
Y, X, S, Z, T, U, R, and Γ for the s, s*, and t* electronic states, are depicted in Figs. 8a-
c.  
Fig. 8. 
 
The band structure observed in Fig. 8a-c reveals a new configuration from spin 
alpha to spin beta, with a notable reduction of the energy gap value (from 6.23 eV in s 
and 6.14 eV in s* to 3.5 eV in t*). In order to understand the electronic structure of the 
CZO powders, the ground- and excited-density of states (DOS) are calculated. The total 
DOS and projection on atoms is shown in Figs. 9a–c, where the electronic contributions 
of the atoms in CZO can be noted in the s, s*, and t*states, respectively. In addition, the 
electronic contributions of the atomic orbitals are presented in Figs. 10a–c for the s, s*, 
and t* states, respectively. 
Figs. 9. 
  
 Analysis of the electronic structure of the s, s*, and t* states (Figs. 9 and 10) 
demonstrated that the upper valence band is predominantly formed by the 2p (px, py, pz) 
states of all the O atoms in the cell and the bottom of the conduction band is mainly 
formed by the 4d (dxz, dxy, dyz, dz2, dx2-y2) states of the Zr atom. (Figs. 10a and b) 
indicates that the s and s* state presents an orthorhombic structure with the Zr atomic 
orbitals described as 4dz2, 4dyz, and 4dxywith a band gap value of 6.23 and 6.14 eV, 
respectively. 
 For the t* state, the displacement of the Zr atom causes a slight distortion of the 
Zr4-O6, Zr4-O10, and Zr2-O10 bonds (as seen in Table 1), leading to the creation of 
localized states and a decrease in the gap energy. The calculated gap energy for this 
model alpha-beta is 3.5 eV. 
Figs. 10. 
 
The DOS in Fig. 10b reveals that these localized states are of 2p character, 
arising mainly from the 2p states of the oxygen O1 and O2, which are loosely connected 
to the Zr atom. This can be explained due to the asymmetry generated by the 
displacement of Zr along the z-axis.  
The aforementioned experimental and theoretical results strongly indicate that 
PL is related to the structural short and long range order in the lattice. X-ray diffraction 
patterns showed a progressive structural disorganization of the powders milled for 
different times. The PL intensity increases when the powder is submitted at high 
temperature and its optical Egap value decreases. This disorder caused in the system is a 
favorable condition to generate an intense and broad PL band. In this context, the results 
obtained for the triplet state indicate the existence of energy levels in the gap region, 
which decrease the value of the band gap and enable PL emissions. 
 
3.5. Morphology Study 
A study of the morphology of CZO in the s and t* states is presented in Figs. 
11a and b, respectively. The variation in the equilibrium shapes for these systems using 
the Wulff construction is a powerful tool to evaluate the morphology. When the relative 
stability of the facets changes (increases or decreases), more than one type of facet can 
appear in the resulting morphology, producing variations. Surface energy values for the 
studied surfaces of the CZO system in s and t* are listed in Table 3. An analysis of the 
theoretical results indicates that the most stable surfaces in the singlet state are the 
(121), (100), (010), (101), (001), (111), and (011) facets, and the ideal morphology of 
CZO is controlled by the (121), (100), (101), (001), and (010) facets (Fig. 11a). In the 
case of the triplet state, the thickness of the modeled surfaces have been reduced to the 
middle due to the computational cost, and the order of stability is (121), (101), (001), 
(100), (001), (111), and (011) facets, and the ideal morphology is controlled by the 
(121), (101), (100), and (001) facets (Fig. 11b). 
Fig. 11. 
Table 3. 
We proposed the hypothesis that the decrease/increase of the surface energy in 
the triplet state with respect to the singlet state is due to the coordination of the O-Ca 
and O-Zr atoms, which are more exposed at the surfaces. Fig. 12 shows a comparison of 
the triplet and singlet surfaces studied in this paper, showing the more exposed metallic 
clusters for both systems. In addition, the spin density localized in the triplet surfaces is 
included. All singlet and triplet surfaces are Ca-O terminated and [CaO4] or [CaO5] 
clusters are obtained for the two configurations. The main difference is the change from 
[CaO5] to [CaO4] in passing from s to t* state for the (121) and (101) surfaces. In the 
case of Zr coordination, [ZrO5] clusters are obtained in both the configurations, except 
for (121) in t* in which Zr is four-coordinated. 
Fig. 12. 
A little modification in the order of stability between the singlet and triplet states 
occurs due to the contributions of different atoms in each surface of the material. In the 
triplet state the (121), (101), (100), and (001) surfaces have similar values of Esurf, 
which have strong influence on the triplet morphology. The (010) surface does not 
appear in the ideal triplet morphology since its Esurf value is less stable than in the 
singlet system. In addition, the Esurf values for the (101) and (121) planes are identical, 
showing a similar percentage of area in the triplet morphology, compared to the singlet.  
It is worth noting that the (101) slab cut is produced along the shortest distance 
between the oxygen and zirconium (1.995 Å) and also along the greater distance of the 
O-Zr and O-Ca bond distances of 2.294 and 2.998 Å, respectively. The analysis of these 
results shows that the present equilibrium morphology is consistent with the atomic 
configurations and the local coordination of atoms for each surface. 
The ground-state properties of solid materials are of obvious importance for 
establishing their structure, stability, and processing. However, the description of 
processes such as PL emissions requires a detailed characterization of the electronic 
excited states properties. Elucidating their properties from first principles, on the basis 
of the constituent atoms and the laws of quantum mechanics, has long been a goal of 
theoretical and computational materials chemistry [80, 81]. A note of caution is 
mandatory here, on this methodological aspect.  While the hybrid methods show good 
results for ground state properties, their performance for excited states is less 
satisfactory [82]. Electronic excited-state calculations for periodic systems are 
challenges in quantum chemistry because it is still very difficult to apply these methods 
to large/very large systems due to the steep scaling in the number of electrons. In the 
present work, the excited states have been localized and characterized at the DFT 
calculation level. This is a strong constraint and from the computational point of view, 
and represents a technical problem, since to obtain more accurate geometries and 
electronic properties of the excited states, it is necessary to use more sophisticated and 
demanding quantum calculations, such as multiconfiguration-based methods or by using 
the many-body perturbation theory. In this contribution, we do not aim at providing an 
exact application of DFT calculation, but rather to give a flavor of today possibilities. 
Methodological developments are mandatory in this context, along with new 
approaches, to calculate accurately values of band gaps and charge transfer excitations. 
 
4. Conclusions 
Modern physics relies heavily on the concepts of classical solid state physics with its 
emphasis on ideal infinite crystals and perfect symmetries. Real materials are not 
perfect crystals; they contain a number of defects and lattice imperfections, which are 
responsible for the properties of the materials. Therefore, in some cases, the reliability 
of a physical model rather than the precision of mathematical equations should be 
emphasized if one needs to investigate real materials. In this context, theoretical 
characterization of the geometrical and electronic structures of ground and excited 
electronic states can complement experiments inherently limited by equipment 
accuracy. A theoretical framework to interpret PL emissions, based on the localization 
and characterization of the nature for the ground, s, and excited (singlet, s*, and triplet, 
t*) electronic states, using ideal and distorted periodic supercell models of CZO, has 
been developed. Their corresponding geometries, electronic structures, and vibrational 
frequencies were obtained.  
In this work, CaZrO3 powders were prepared by the polymeric precursor 
method. Their structural and electronic properties have been studied previously [58], 
while the PL properties of crystalline CZO were investigated herein. The techniques of 
X-ray diffraction (XRD), Raman spectra, and PL spectroscopy at room temperature 
were used for characterization. XRD patterns indicated a pure orthorhombic perovskite 
phase of CaZrO3 at synthesis temperatures of 400, 600, 800, and 1000 °C. Raman 
spectra and XRD patterns reported long- and short-range order at 1000 °C.  
First principle calculations reveal that the intensity of PL emissions is attributed 
to structural order-disorder effects related to the polyhedral distortion, i.e. the 
modification of geometric and electronic structure of both [ZrO6] and [CaO8] clusters in 
the electronically excited states, generating electronic levels located between the 
valence and conduction bands, which are basically composed of O 2p orbitals (valence 
band) and Zr 4d orbitals (conduction band). The band structures and the density of 
states revealed energy gap values of 6.23, 6.14, and 3.50 eV for the s, s* and t* 
electronic states, with the process of breaking of symmetry being a necessary condition 
for the existence of energy levels in the forbidden region of the band gap. The structural 
order-disorder effect on the coordination of [ZrO6] and [CaO8] clusters is demonstrated 
by theoretical calculations, as well as the shallow defect states found in the 
morphologies, where the local coordination of exposed atoms for each surface can be 
related to the order of surface energy stability. A little modification in the order of 
stability of surfaces occurs between the singlet and triplet states, generating differences 
in their corresponding morphologies.  
To conclude, in this study, we present a general description of excited electronic 
states of CZO, thereby shedding light on the complex interplay between structural 
order-disorder effects and PL emissions, which is a challenging field of study both 
experimentally and intellectually. This technique can be used to extract chemical shifts 
for the structural characterization of excited states and to elucidate complex excited 
states. Finally, we need to recognize that present DFT calculations show limitations 
inherent in current exchange-correlation functional. 
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Figure 1. Cell 1x1x1 for modelling the electronic states of CZO and the corresponding 
expansion by periodicity: a) singlet electronic state, s, and b) excited singlet, s*, and 
triplet, t*, electronic states.  
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Figure 2. XRD patterns (room temperature) of the CZO powders synthesized at 
different temperatures for 2h. 
 Figure 3. Photoluminescence spectra (room temperature) of the CZO powder 
synthesized at different temperatures. 
  
Figure 4. Raman spectra (room temperature) of CZO powder synthesized at different 
temperatures. The positions of the active modes are indicated. 
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Figure 5. Electronic states of CZO in terms of cluster constituents: a) singlet and 
excited singlet electronic states, s and s*, respectively and b) excited triplet electronic 
state, t*. 
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Figure 6. Spin density localization for the t* state of CZO: a) 3D representation where 
the spin density is localized (yellow color) in 4dz2, 4dyz and 4dxy of Zr2 atom and 2pz of 
O10 atom. b) Projection on a plane (passing through Zr2-O10-O12 atoms) in which 
atoms with highest spin density are included. 
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Figure 7. Theoretical Raman active modes of CZO crystal involving octahderal [ZrO6] 
cluster : a) singlet fundamental state, s, and b) triplet excited state, t*. 
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Figure 8. Band structure of CZO: a) s, b) s* and c) t* electronic states. 
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Figure 9. Total and projected DOS on atoms for CZO: a) s, b) s* and c) t* electronic 
states. 
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Figure 10. DOS projected on orbitals CZO: a) s b) s*and c) t* electronic states. 
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Figure 11. Morphologies of CZO: a) s and b) t*electronic states. 
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Figure 12. A schematic representation for the surfaces of t* state of CZO where the 
spin density (in yellow) is depicted. The most external clusters for t* and s and s* states 
are indicated. 
Table 1. Bond distances for the fundamental singlet electronic state (s) and excited (s*) 
and triplet (t*) electronic states 1x and 2x refers to the multiplicity of the bond. 
s t* 
Bond (Å) 
 
Bond (Å) Bond (Å) 
Ca O1 1x 2.341 
 
Ca1 O1 2.352 Ca2O2 2.348 
 
O2 2x 2.362 
  
O11 2.368 O12 2.433 
 
O1 1x 2.461 
  
O6 2.371 O1 2.447 
 
O2 2x 2.679 
  
O2 2.425 O5 2.449 
 
O2 2x 2.844 
  
O12 2.571 O8 2.583 
      
O5 2.749 O6 2.669 
      
O7 2.823 O9 3.050 
      
O10 2.906 O11 2.814 
     
Ca3 O3 2.320 Ca4O4 2.301 
      
O9 2.364 O7 2.346 
      
O8 2.369 O10 2.381 
      
O4 2.413 O3 2.408 
      
O5 2.667 O11 2.573 
      
O7 2.669 O9 2.656 
      
O10 2.998 O6 3.027 
      
O12 3.173  O8 3.272 
Zr O2 2x 2.100 
 
Zr1 O9 2.102 Zr2   O12 2.160 
 
O2 2x 2.091 
  
O2 2.105 O6 2.171 
 
O1 2x 2.097 
  
O7 2.105 O4 2.179 
      
O5 2.115 O8 2.190 
s* 
 
O11 2.159 O1 2.194 
Bond (Å) 
 
O3 2.186 O10 2.292 
Zr 
displ. 
O2 1x 1.657 
 
Zr3 O1 2.074 Zr4O6 1.995 
O2 1x 2.596 
  
O9 2.111 O8 2.096 
 
O2 1x 1.839 
  
O4 2.128 O3 2.128 
 
O2 1x 2.455 
  
O7 2.147 O12 2.131 
 
O1 1x 2.232 
  
O11 2.149 O2 2.174 
 
O1 1x 2.116 
  
O5 2.157 O10 2.294 
a=5.594 Å, b=8.021 Å and c=5.761 Å       for s and s* states.  
a=5.673 Å , b=8.155 Å  and c=5.844 Å          for t* state.  
 
Table 2. Raman active modes for s electronic state, compared to experimental data at 
different temperatures of synthesis.  
 
       Theoretical   Experimental 
                   Temperature (°C) 
Mode 
 
Corrected*   400/600 800 1000 
 
ʋ (cm-1)  
Ag 127.82 120.15   137.90 137.90 
B1g 164.69 154.81  
 
  
B2g 169.64 159.46  171.44 182.97 183.1 
Ag 194.41 182.75  
 
  
B2g 203.30 191.10  203.51 205.69 205.69 
B2g 225.97 212.41  
 
  
B2g 227.59 213.93  
 
  
B1g 246.54 231.75  
 
225.91 227.56 
Ag 280.77 263.92  238.50 255.26 255.26 
Ag 296.77 278.96  
 
279.32 279.32 
B3g 317.44 298.39  
 
  
B2g 372.05 349.73    
B3g 387.97 364.69  
 
  
Ag 394.14 370.49  324.91 351.49 351.49 
B3g 457.78 430.31  
 
  
B1g 462.57 434.82  422.29 432.40 432.40 
Ag 479.75 450.97  
 
  
B3g 510.21 479.60  
 
  
B1g 555.54 522.21  
 
  
B2g 571.74 537.44  
 
463.02 463.02 
Ag 579.78 544.99  522.79 540.29 540.29 
B2g 737.33 693.09  
 
  
B3g 797.02 749.20  
 
  
B1g 808.01 759.53  
 
  
       *0.94 = scaling factor 
 
Table 3. Surface energy and band gap values for the (121), (100), (010), (101), (001), 
(111) and (011) surfaces of CZO crystals. 
  s  t* 
Surface  Esuf 
(J/m2) 
Area 
(Å) 
Egap 
(eV) 
 Esuf 
(J/m2) 
Area 
(Å) 
Egap 
(eV) 
(121)  1.25 91.13 6.61  1.13 93.28 4.21 
(100)  1.26 44.21 6.41  1.19 47.66 4.53 
(010)  1.28 32.23 5.62  1.59 33.15 4.66 
(101)  1.39 64.41 6.39  1.13 66.00 4.95 
(001)  1.37 44.87 6.28  1.17 46.27 4.61 
(111)  1.52 72.03 5.64  1.33 73.68 4.75 
(011)  1.99 55.25 5.69  1.72 56.73 4.07 
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